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Equatorward motions of azc.-e; a re  descr ibed i n  d e t a i l  as  
follows : 
1. The equatorward s h i f t  assoc ia ted  with t h e  e a r t h ' s  
r o t  at i on ; 
2. The equatorward motion during t h e  recovery phase 
of t h e  au ro ra l  substorm; a n d  
3 .  The equatorward spread ,?f i r r e g u l a r  bands during 
t h e  substorm. 
The m u l t i p l i c i t y  of a rcs  associat--? ..,2-L,h t h e  equatorward motion 
i s  a l s o  descr ibed.  
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1. Introduct ion 
It has been s t a t i s t i c a l l y  e s t a b l i s h e d  t h a t  t h e  e a r t h  
r o t a t e s  once a day under t h e  a u r o r a l  ova l  which i s ,  as a f i r s t  
approximation, f i xed  with respect t o  t h e  sun [Feldstein,  19631. 
The oval  i s  e c c e n t r i c  with respect  t o  t h e  d ipo le  pole,  and i t s  
cen te r  i s  d i sp l aced  toward the dark hemisphere along t h e  midnight 
meridian.  
Therefore, t h e  dis tance between a f i x e d  po in t  on t h e  
e a r t h ' s  surface (say, an au ro ra l  zone s t a t i o n )  and t h e  ova l  v a r i e s  
sys t ema t i ca l ly  during t h e  course of 24 hours;  it i s  longes t  i n  t h e  
noon s e c t o r  and s h o r t e s t  i n  t h e  midnight s e c t o r  (see Figure 4 of 
Pa r t  V of t h i s  s e r i e s ) .  
r e s u l t s  i n  an apparent equatorward motion of  a u r o r a l  a r c s  and 
bands i n  t h e  evening s e c t o r .  I n  f a c t ,  it i s  w e l l  known t h a t  at  
an a u r o r a l  zone s t a t i o n  auroras appear f i r s t  near t h e  no r the rn  
horizon ( i n  t h e  Northern Hemisphere) i n  t h e  e a r l y  evening and 
draw g radua l ly  c l o s e r  t o  the s t a t i o n  as t h e  night  progresses .  
Thus, t h e  d a i l y  r o t a t i o n  of t h e  e a r t h  
During t h e  e a r l y  phase o f  t h e  a u r o r a l  substorm ( the  expansive 
phase) ,  b r i g h t  a u r o r a l  bands move r a p i d l y  poleward, and t h i s  type 
of  motion was t h e  subject  i n  P a r t  V of  t h i s  s e r i e s .  During t h e  
recovery phase o f  t h e  substorm, however, t h e s e  bands t end  t o  
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r e t u r n  toward t h e i r  i n i t i a l  locat ion,  namely equatorward. Since 
such a motion i s  a p a r t  of  the t r a n s i e n t  process ( t h e  a u r o r a l  
substorm), i t s  speed varies g r e a t l y .  
During t h e  expansive phase of t h e  substorm, a u r o r a l  bands 
i n  t h e  midnight and morning sec to r s  become folded i n  an extremely 
i r r e g u l a r  manner (see P a r t  V I  of t h i s  s e r i e s ) ,  and t h e  r e s u l t i n g  
i r r e g u l a r  bands o r  'patches '  ' spread '  equatorward. 
Therefore, it i s  poss ib l e  t o  d i s t i n g u i s h  a t  l e a s t  t h r e e  
types of  equatorward motions i n  a l l - s k y  films: t h e  equatorward 
s h i f t  a s soc ia t ed  with t h e  e a r t h ' s  r o t a t i o n ;  t h e  equatorward 
motion during t h e  recovery phase; and t h e  equatorward ' spread '  
o f  i r r e g u l a r l y  folded bands and ' p a t c h e s ' .  It i s  t h e  purpose of  
t h i s  paper t o  desc r ibe  i n  d e t a i l  t h e s e  equatorward motions 
(§ 2, 8 3, and § 4 ) .  
I n  general ,  a u r o r a l  arcs  and bands a r e  mul t ip l e .  It i s  
q u i t e  common t o  observe a few a r c s  s t r e t c h i n g  ac ross  t h e  f i e l d  o f  
view of  a s i n g l e  s t a t i o n .  
when auroras  a r e  moving equatorward. I n  i?, 5, t h i s  m u l t i p l i c i t y  
i s  descr ibed i n  some d e t a i l .  
The m u l t i p l i c i t y  i s  most c l e a r l y  seen 
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2 .  Evening Equatorward Sh i f t  Associated 
with t h e  E a r t h ' s  Rotation 
The center  l i n e  of the a u r o r a l  oval  l i e s ,  on t h e  average, 
at about d ipo le  l a t i t u d e s  (dp l a t )  72" - 7 3 O  i n  t h e  e a r l y  evening 
s e c t o r  (19-21 LT ( = l o c a l  time) ) .  Thus, when we observe t h i s  
narrow b e l t  i n  a p a r t i c u l a r  sector ,  say i n  t h e  Alaskan sec to r ,  it 
descends g radua l ly  from a l i t t l e  no r th  of t h e  Arc t i c  coast  t o  t h e  
l a t i t u d e  o f t h e  a u r o r a l  zone (dp l a t  67") o r  l e s s  i n  t h e  l a t e  
evening s e c t o r  (21-24 L T ) .  
While t h i s  i s  s t a t i s t i c a l l y  t r u e ,  t h e  s h i f t  v a r i e s  g r e a t l y  
from one day t o  another .  The c ross ing  t ime of  t h e  cen te r  l i n e  of 
t h e  a u r o r a l  oval  at a p a r t i c u l a s  s t a t i o n  d i f f e r s  from one day t o  
another .  Further ,  on some days, t h e  ova l  descends slowly as we 
expect from a simple considerat ion t h a t  t h e  oval  s h i f t s  from 
dp l a t  72" t o  65" i n  about 4 - 5 hours, namely with a speed of  
40 - 50 m/sec; however, on some other  days, it descends much 
f a s t e r  t han  t h e  above speed. 
We i n f e r  t h a t  such a d i f f e r e n c e  i s  p a r t l y  due t o  t h e  f a c t  
t h a t  t h e  p a t t e r n  of t h e  au ro ra l  ova l  i s  not n e c e s s a r i l y  f i x e d  
i n  space, but deforms i t s e l f  i n  a complicated manner. The 
'd iameter '  and t h e  e c c e n t r i c i t y  of  t h e  oval  d i f f e r  from one day 
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t o  another [Akasofu, 1964aI. A sudden increase  of t h e  'd iameter '  
of t h e  oval  o f t e n  occurs when t h e  au ro ra l  substorm occurs a f t e r  
a r e l a t i v e l y  quie t  per iod [Str inger ,  Belon, and Akasofu, 19651. 
However, i n  general ,  i n  t h e  midnight and t h e  l a t e  evening sec to r s ,  
t h i s  i s  masked by t h e  poleward expansion of  t h e  width of  t h e  
EJEryING. 
oval ;  i n  t h e  early- sec tor  (or  even i n  t h e  l a t e  evening 
s e c t o r  when t h e  substorm i s  weak) t h e  most common e f f e c t  of t h e  
substorm on ind iv idua l  a r c s  i s  t o  increase  t h e i r  b r ightness  
[Akasofu, 19651; thus,  t h e  expansion i s  most c l e a r l y  seen t h e r e .  
I n  t h e  l a t e  morning sec tor ,  we see a l s o  t h e  equatorward motion 
u n t i l  a r c s  begin t o  d i s i n t e g r a t e  [Akasofu, 196b l .  Therefore, 
t h e  ea r th  r o t a t e s  under t h e  continuously changing ova l .  The 
minimum l a t i t u d e  a t t a i n e d  by t h e  ova l  i n  t h e  midnight s ec to r  
a l s o  depends on t h e  i n t e n s i t y  of t h e  main phase decrease 
[Akasofu and Chapman, 19631. 
Further ,  when t h i s  p a r t i c u l a r  phenomenon i s  examined 
'microscopical ly ' ,  it appears t o  be t h e  s h i f t  of a narrow region 
i n  which au ro ra l  a r c s  and bands evolve cont inua l ly .  Some become 
b r igh t  and some fade, and the re  i s  a continuous change of t h e  
d i s t r i b u t i o n  of a rc s  and bands i n  the  narrow region.  Therefore, 
it i s ,  i n  general ,  not  possible  t o  follow t h e  equatorward motion 
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of  a p a r t i c u l a r  a r c  o r  band for  more than one hour, un less  it i s  
very b r igh t  and s tands out from o the r s  qu i t e  d i s t i n c t l y  (although 
t h e r e  i s  a p o s s i b i l i t y  t h a t  the  present  a l l - sky  camera system does 
not have enough t ime and s p a t i a l  r e so lu t ions  t o  fol low such a 
motion, and i n  t h i s  respec t  it i s  h igh ly  d e s i r a b l e  t o  examine t h e  
growth and decay o r  t h e  l i f e t i m e  of  i nd iv idua l  a r c s  by a high 
r e so lu t ion  camera, such as t h a t  developed by Davis and Hicks 
m 6 4 1 )  . 
Figure l a  shows t h e  loca t ions  of  a group of au ro ra l  a r c s  and 
bands over Fort  Yukon (dp l a t  66.7" N )  and College (dp l a t  64.7" N)  
dur ing t h e  evening hours of February 22, 1958 (150" WMT); t h e  
loca t ions  a r e  given i n  terms of  t h e  d i s t ance  from t h e  For t  Yukon 
zeni th .  The northern and southern envelopes o f  t h i s  whole 
au ro ra l  system de f ine  t h e  northern and southern boundaries of t h e  
au ro ra l  oval,  r e spec t ive ly .  Between t h e  two envelopes, a number 
of  a r c s  and bands cont inua l ly  evolve, but only a f e w  of them a r e  
i d e n t i f i e d  f o r  a reasonably long per iod t o  determine ' t h e i r  
equatorward speed. The equatorward speeds o f  t h e  a r c s  marked by 
A, B, C, and D are ,  respect ively,  100 m/sec, (75-230) m/sec, 
190 m/sec, and 140 m/sec. 
I 
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Figure l b  shows t h e  loca t ions  of au ro ra l  a r c s  and bands over 
t h e  A r l i s  i c e  f l o e  I11 (dp l a t  71" N)  i n  t h e  evening of March 4, 
1964 (150" W).  
t h e  zeni th  about 2 hours e a r l i e r  than  at Fort  Yukon; during t h e  
e n t i r e  per iod of observat ion (about 2 months) t h i s  was a common 
f e a t u r e  i n  t h e  evening [Hessler, 19651. Again, it should be 
noted t h a t  although t h e  equatorward s h i f t  of t h e  whole au ro ra l  
system i s  qu i t e  c l e a r ,  t h e  i d e n t i f i c a t i o n  of i nd iv idua l  a r c s  i s  
r a t h e r  d i f f i c u l t ,  p a r t i c u l a r l y  i n  such a high l a t i t u d e ,  because 
auroras  a r e  f a i n t e r  and more va r i ab le  t h e r e  than  those  i n  lower 
Being a t  a higher  dp l a t i t u d e ,  t h e  ova l  c rosses  
l a t i t u d e s .  
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3. Equatorward Motion during 
t h e  Recovery Phase 
Figure 2 shows an example of t h e  equatorward motion during 
t h e  recovery phase of an aurora l  substorm which began at about 
2350, 165" WMT on February 18, 1958, a t  Kotzebue, Alaska 
(dp l a t  63.7" N ) .  
m/sec. 
when a new substorm began and b r i g h t  bands moved r ap id ly  poleward. 
Such a north-south motion repeatedly t akes  p lace  when t h e  au ro ra l  
substorms occur successively during geomagnetic storms [ c f .  
Akasofu, 1962; Akasofu and Chapman, 1963; Akasofu, 19651. It 
should be noted i n  Figure 2 t h a t  au ro ra l  bands tend  t o  l i e  i n  
t h e  east-west d i r ec t ion ,  r a the r  than  t h e  north-south d i r ec t ion ,  
during t h e  motion, so t h a t  the north-south motion can be we l l  
expressed by t h e  expansion and subsequent cont rac t ion  of t h e  
width of  t h e  ova l .  
The speed of t h e  equatorward motion assoc ia ted .wi th  t h e  
The average speed of  t h e  motion was bout 240 
The equatorward motion w a s  d i s rupted  at  0122, 165" WMT, 
substorm v a r i e s  g r e a t l y .  
a s  800 m/sec or  more can occur, but  t h e  most common speeds a r e  
of order  100-250 m/sec. 
with those of t h e  most common poleward expansive motion, 
On some occasions, a speed of as high 
It i s  i n t e r e s t i n g  t o  compare these  speeds 
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500 - 600 m/sec (see Part  V of t h i s  s e r i e s ) .  
recovery phase proceeds much more slowly than  t h e  expansive phase.  
Therefore, t h e  
The speed of t h e  equatorward motion o f  i n d i v i d u a l  a u r o r a l  
a r c s  and bands has been obtained f o r  77 cases and i s  shown i n  
t h e  following t a b l e  : 
Speed (m/sec) N o .  of Cases 
o - 50 
100 - 150 
150 - 250 
200 - 250 
50 - 100 
250 - 300 
300 - 350 
350 - 400 
400 - 500 
600 - 700 
700 - 800 
800 - 900 
900 - 1000 
500 - 600 
1000 < 
2 
6 
14 
15 
16 
5 
7 
4 
4 
0 
1 
0 
2 
0 
. 
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4.  Equatorward Motion of I r r egu la r  
Bands during t h e  Substorm 
During an au ro ra l  substorm, t h e  equatorward boundary of t he  
au ro ra l  ova l  a l s o  expands equatorward. Unlike t h e  poleward motion 
o f  b r igh t  a u r o r a l  bands, however, t h i s  equatorward motion i s  not 
due t o  t h e i r  systematic  motion. Rather, extremely i r r e g u l a r  bands 
o r  patches ' spread '  equatorward. Figure 3a shows t h e  successive 
p ro jec t ion  of auroras  during an in t ense  substorm which began at 
about 2331 (150" WMT) on December 25, 1957 over t h e  c e n t r a l  Alaskan 
sky. 
and Farewell  (dp l a t  61.4" N )  became b r i g h t e r  from i t s  ea s t e rn  
p a r t  and developed a mul t ip le  s t r u c t u r e  a t  2334. 
began t o  move r a p i d l y  poleward with a speed of  about 1070 m/sec, 
which i s  a t y p i c a l  f e a t u r e  o f  t h e  expansive phase of  t he  substorm. 
An a r c  s t r e t c h i n g  midway between College (dp lat 64.7" N )  
Then, t h e y  
A t  t h e  same time, i r r e g u l a r  bands appeared between College 
and Farewell  and began t o  spread i n  t h e  SW d i r e c t i o n .  
motions a r e  t o o  i r r e g u l a r  t o  obta in  t h e  speed. I n  geheral ,  t h e  
extent  of  t h i s  equatorward motion i s  l e s s  than  t h a t  of  t h e  
poleward motion. 
Their 
12 
5 .  Mul t ip l i c i ty  of Auroral Arcs 
The mul t ip le  a rcs  a r e  most c l e a r l y  seen during t h e  equator- 
ward motions of t h e  aurora .  This i s  due t o  t h e  f a c t  t h a t  equator- 
ward moving a rc s  tend  t o  be l e s s  a c t i v e  than poleward moving a r c s .  
Activated bands tend t o  develop fo lds  of  var ious sca le - lengths  which 
makes it d i f f i c u l t  t o  de f ine  t h e  d is tance  between two such bands 
(see Pa r t  I of t h i s  s e r i e s ) .  
common i n  t h e  evening sec to r  than  i n  t h e  morning sec tor ,  s ince  
auroras  i n  t h e  morning sec tor  tend  t o  develop i r r e g u l a r  fo lds  
during even a very weak substorm (see Part  V I  o f  t h i s  s e r i e s ) .  
-
Further,  t h e  m u l t i p l i c i t y  i s  more 
Figures l a  and l b  show an example of  t h e  d i s t r i b u t i o n  of 
mul t ip le  a r c s  i n  t h e  ova l .  A t  p resent ,  it i s  r a t h e r  d i f f i c u l t  
t o  s t a t e  a r e l i a b l e  s t a t i s t i c a l  r e s u l t  f o r  t h e  most f requent  
number of mul t ip le  a r c s  over t h e  e n t i r e  Alaskan sky, although 
it  i s  common t o  observe severa l  a r c s  s t r e t c h i n g  across  t h e  sky. 
I n  Figure la ,  e ight  a r c s  were seen at  times i n  t h e  combined 
f i e l d  of view of Fort  Yukon and College. 
The most common separat ion d is tance  between two a r c s  seen 
a t  s ing le  s t a t i o n s  i s  between 30 and 40 km, and t h e r e  a re  some a rc s  
separated by more than  100 km. 
t h e  occurrence frequency of d i f f e r e n t  separa t ion  d is tances  between 
Figure 3 shows t h e  histogram of 
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two a r c s ;  it i s  obtained by combining i n d i v i d u a l  a l l - sky  ground 
p ro jec t ions  from Alaskan s t a t i o n s .  
There i s  no doubt t h a t  such a mul t ip l e  s t r u c t u r e  o f  a u r o r a l  
a r c s  i s  an important c lue  t o  understand t h e  mechanism by which 
a u r o r a l  p a r t i c l e s  a r e  accelerated i n  t h e  t a i l  region of t h e  
magnetosphere. I n  o the r  words, t h e  mechanism tends t o  be m u l t i p l e  
i n  nature,  r a t h e r  t han  s ingular ,  and t h e i r  s p a t i a l  s t r u c t u r e  i n  
t h e  magnetospheric t a i l  must be such as t o  produce s e v e r a l  a r c s ,  
with t h e  most common separat ion d i s t a n c e  of  order  30 - 40 km. 
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FIGURE CAPTIONS 
Figure l a .  Equatorward s h i f t  of  t h e  au ro ra l  ova l  over Central 
Alaska i n  t h e  evening o f  February 22, 1958 and t h e  d i s t r i b u -  
t i o n  of a rc s  i n  t h e  oval; t h e  loca t ions  of t h e  a r c s  a r e  
given i n  terms o f  t h e  Fort  Yukon zeni th  d i s t ance .  
Figure l b .  Equatorward s h i f t  of t h e  a u r o r a l  ova l  over t h e  
Arlis I11 i c e  f l o e  (dp l a t  71" N )  i n  t h e  evening of 
March 4, 1964. 
Figure 2. Ground pro jec t ion :  Equatorward moving mul t ip le  
a rc s  (0058-0121, 165" WMT, February 18, 1958) and t h e  pole-  
ward motion (0122 on) caused by a new substorm; Kotzebue 
(dp l a t  63.7" N ) ,  Alaska. 
Figure 3. D i s t r ibu t ion  of auroras  over Cent ra l  Alaska during 
a31 in tense  au ro ra l  substorm on December 25, 1957. Note a 
v io l en t  poleward motion of b r igh t  bands and a complicated 
equatorward motion of i r r e g u l a r  bands. 
Figure 4. Histogram t o  show t h e  occurrence frequency of var ious 
separa t ion  d is tances  of au ro ra l  a rcs  (observed a t  s ing le  
s t a t i o n s  i n  Alaska).  
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